1. Introduction
===============

Cardiac arrest (CA) is one of the major health problems, with a yearly incidence of about 50 to 110 per 100,000 people worldwide.^\[[@R1]--[@R3]\]^ Despite initially successful cardiopulmonary resuscitation (CPR), a high proportion of patients who survive cardiac arrest die prior to hospital discharge or have severe neurologic injury.^\[[@R4],[@R5]\]^ After the return of spontaneous circulation (ROSC), the initial hours and days are defined as the post-cardiac arrest (PCA) syndrome, which often represents the extreme of critical illness and has a high risk of morbidity and mortality.^\[[@R6]\]^ PCA care requires vigilant monitoring and intervention and must be tailored to the particular disease and dysfunction that affect each patient.^\[[@R7],[@R8]\]^

Metabolic derangements following cardiac arrest, such as hyperglycemia and higher glycemic variability, may contribute to secondary brain injury and poor neurologic outcome.^\[[@R9]--[@R12]\]^ Resuscitated patients usually require intensive care of blood glucose (BG).^\[[@R13]\]^ However, the optimum BG concentration and interventional strategy to manage blood glucose in the PCA period are unknown.^\[[@R8]\]^ There may be a U-shaped relationship between BG and mortality outcomes in PCA patients.^\[[@R10],[@R14],[@R15]\]^ Time in BG range 70 to 140 mg/dL is strongly associated with reduced mortality in critically ill patients.^\[[@R16],[@R17]\]^ The approach to glucose management chosen for other critically ill patients may not be suitable for cardiac arrest patients.^\[[@R18],[@R19]\]^ The benefit of BG range 70 to 140 mg/dL is uncertain in adult PCA patients.

The main aim of the present study was to investigate the associations between different BG ranges and clinical outcomes in PCA patients. Our hypothesis was BG range 70 to 140 mg/dL could be associated with good hospital mortality outcomes in PCA patients.

2. Methods
==========

2.1. Setting
------------

This study used data stored in the high-resolution database, the eICU (eicu-crd.mit.edu), which comprises patients admitted between 2014 and 2015 at 208 hospitals located throughout the US. The elaborate description of eICU is available elsewhere.^\[[@R20]\]^ The eICU was exempt from institutional review board (IRB) approval due to the retrospective design, lack of direct patient intervention, and the security schema, for which the re-identification risk was certified as meeting safe harbor standards by Privacert (Cambridge, MA) (Health Insurance Portability and Accountability Act Certification no. 1031219--2). Due to the HIPAA compliant de-identification in this database, our institutional IRB requirement was waived. After completing a National Institutes of Health (NIH) web-based training course (Protecting Human Research Participants), the author (certification number: 28795067) was approved to access to the database for research aims.

2.2. Study population
---------------------

All patients in the eICU database were eligible for inclusion in the present investigation. If a patient had more than 1 ICU admission, only the first ICU stay was taken into consideration. We selected all adult patients whose admission diagnosis was cardiac arrest. Patients were excluded for the following reasons:

1.  Incomplete hospital mortality data

2.  ICU stay less than 24 hours

3.  Numbers of blood glucose measurements less than 2 during the first 24 hours after admission to ICU.

2.3. Clinical variables
-----------------------

Data on the following information were extracted: demographics, comorbidities, hospital admit source, sequential organ failure assessment (SOFA) score, Acute Physiology and Chronic Health Evaluation (APACHE) IV score, physiological parameters that provided the highest APACHE IV score during the first 24 hours, use of vasopressors, insulin, glucocorticoid, mechanical ventilation, use of continuous renal replacement therapy (CRRT) and use of hypothermia.

All of the blood glucose (BG) tests, that is BG from laboratory and bedside, during the first 24 hours in the ICU were extracted. For every patient, we calculated maximum BG, minimum BG, mean BG, first BG after admitted to ICU (admission BG), time-weighted mean BG (TWM-BG), proportion of time spent in 4 BG ranges (\<= 70 mg/dL, 70--140 mg/dL, 140--180 mg/dL, and \> 180 mg/dL) and coefficient of variation (CV), defined as the ratio of the standard deviation (SD) to the mean of BG during the first 24 hours (see supplemental material). TWM-BG was obtained as an area under the curve (AUC) by integrating BG over time divided by the whole time (24 hours). Patients were classified into 4 ranges: \<= 70 mg/dL, 70 to 140 mg/dL, 140 to 180 mg/dL, and \> 180 mg/dL. Mild hypoglycemia was defined as BG \<= 70 mg/dL, while severe hypoglycemia was defined as BG \<= 40 mg/dL.

The first measured BG value represented the time from admission to the first measurement. BG remained constant at the levels observed in the previous measurement until the time point of the next measurement. We calculated time intervals between BG measurements and the proportion of time spent in different BG categories during the first 24 hours. Thus, during the first 24 hours, for each patient, time spent in each of the predefined BG categories ranged from 0% to 100%.

2.4. Outcomes
-------------

The primary outcome measure was hospital mortality. Secondary outcomes were ICU length of stay in overall and survival patients, ICU mortality, hospital length of stay in overall and survival patients, locations at hospital discharge.

2.5. Statistical analysis
-------------------------

Data were initially assessed for normality. Continuous variables are shown as mean and standard deviation (SD) or median and interquartile range (IQR). Categorical variables were reported as numbers and percentages. Group comparisons were made using χ^2^ tests for equal proportion, analysis of variance for normally distributed variables, and Kruskal--Wallis tests otherwise. For missing values, the missing rate of variables was evaluated. Multiple imputations with "MICE" package of R software was performed for missing values.^\[[@R21]\]^

Given the retrospective nature of this study, multivariable logistic regression models were constructed using all available baseline information that related to patient demographics (sex and chronic comorbidities), hospital admit source, disease severity (APACHE IV score) and treatments (use of vasopressors, insulin, glucocorticoid, mechanical ventilation, CRRT, and hypothermia) along with separate BG metrics. The models were constructed using backward stepwise selection, with variables that were significant (*P* \< .1) included. Besides, the covariates were also determined by subject-matter knowledge, for example, past history of diabetes mellitus was not statistically significant, but was selected in the final models. Potential multicollinearity between different covariates was quantified by calculation of the variance inflation factor (VIF), which provided an index of how much the variance of an estimated regression coefficient is increased due to collinearity and VIF less than 5 was considered acceptable. The Hosmer--Lemeshow goodness-of-fit test was used to assess the calibration of the models. Sensitivity analysis was performed in patients with and without diabetes.

Generalized estimating equations (GEE) were used to account for potential correlation in outcomes among patients sampled within hospital clusters. Independence pattern (no association) were examined for within-hospital correlation. Covariates were selected similarly as those in the multivariable logistic regression models.

Hospital mortality was considered as a time-to-event variable. The event was death within hospital. Patients were censored when hospital discharged alive. The analysis truncated at 30 days. Duration of survivals in hospital were presented as Kaplan--Meier curves with log-rank test comparing different BG ranges. Cox regression model was fitted to test for an association between different BG metrics (TWM-BG ranges and proportion of time spent in different BG ranges) and hospital mortality after adjusting for potential confounders.

Data extraction was performed using PostgreSQL (version 10, [www.postgresql.org](http://www.postgresql.org/)). R software (version 3.5.1, [www.r-project.org](http://www.r-project.org/)) was used for statistical analysis. A 2-sided *P* value of \< .05 was considered statistically significant.

3. Results
==========

The eICU database contained 200,839 patient admissions. After exclusion, a total of 2028 patients from 144 hospitals were analyzed in our study (Supplemental Figure 1), including 964 non-survivors and 1064 survivors, giving hospital mortality of 47.5%. ICU mortality was 37%. Non-survivors were slightly older, lower proportion of men and higher proportion of admitting from emergency department. Detailed information regarding the rate of missing values were displayed in Supplemental Figure 2. Baseline characteristics and treatments of study patients between survivors and non-survivors were presented in Supplemental Table 1.

A total of 14,118 measurements of blood glucose were extracted from 2028 PCA patients, 7 times per patient on average. Of the 14,118 measurements, 279 (2%) were equal or less than 70 mg/dL and 42 (0.3%) were equal or less than 40 mg/dL. TWM-BG for overall patients was 159 mg/dL, non-survivors had higher TWM-BG than survivors (170 vs 149, *P* \< .001). The proportion of time spent in 70 to 140 mg/dL range was higher in survivors than non-survivors (38.4 vs 28.7, *P* \< .001). Figure [1](#F1){ref-type="fig"} shown the density distribution of the proportion of time spent in different BG ranges.

![Flow chart of patient selection.](medi-99-e21728-g001){#F1}

According to TWM-BG, 9 (0%) were classified into the \< = 70 mg/dL range group, 693 (34%) into the 70 to 140 mg/dL range group, 603 (30%) into the 140 to 180 mg/dL range group and 723 (36%) into the \> 180 mg/dL range group. TWM-BG range \> 180 mg/dL group was oldest, had the highest body mass index (BMI), the highest percentage of diabetes mellitus, the highest APACHE IV score, and the highest percentage of using insulin. TWM-BG range \> 180 mg/dL group also had the lowest percentage of hypoglycemia (moderate or severe). Comparisons of baseline characteristics and treatments of different TWM-BG categories were displayed in Table [1](#T1){ref-type="table"}. TWM-BG range 70 to 140 mg/dL group had the lowest ICU and hospital mortality and the highest proportion of discharging home. TWM-BG range 70 to 140 mg/dL group also had minimum hospital length of stay. Patient-centered outcomes were displayed in Table [2](#T2){ref-type="table"}.

###### 

Comparison of baseline characteristics and treatment of different TWM-BG (mg/dL) ranges during the first 24 hours.
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###### 

Comparison of outcomes in patients with different time-weighted mean blood glucose (mg/dL) ranges.
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After adjusting for sex, ICU admit source, past history (diabetes mellitus, cancer), APACHE IV score, use of insulin, vasopressors, CRRT and hypothermia, patients with TWM-BG range in 140 to 180 mg/dL and \> 180 mg/dL groups had higher odds ratio for hospital mortality in multivariable logistic regression and higher hazard ratio for hospital mortality in Cox proportional hazard model than 70 to 140 mg/dL group. Proportion of time spent in 70 to 140 mg/dL range was associated with lower odd ratio (OR 0.984, CI \[0.970, 0.998\], *P* = .022) and hazard ratio (HR 0.986, CI \[0.977, 0.996\], *P* = .005) for hospital mortality. The proportion of time spent in \> 180 mg/dL range was associated with higher odds ratio and hazard ratio for hospital mortality (Table [3](#T3){ref-type="table"}). With GEE model accounting for potential correlation in outcomes among patients sampled within hospital clusters, similar results were found (Fig. [2](#F2){ref-type="fig"} and Supplemental Table 2--6). Sensitivity analysis showed time in BG 70 to 140 mg/dL was associated with low risk of death in patients without diabetes (*P* = .002) but not with mortality in patients with diabetes (*P* = .294), whereas time in BG range 140 to 180 mg/dL was associated with lower mortality in patients with diabetes (*P* = .013) but not with mortality in patient without diabetes (*P* = .931) (Supplemental Table 7). Figure [3](#F3){ref-type="fig"} displayed the Kaplan--Meier survival curves by TWM-BG categories, which showed that 70 to 140 mg/dL group was associated with the highest probability of survival (log-rank *P* \< .001).

###### 

Adjusted hospital mortality (logistic regression and Cox proportional hazards analysis) in patients with different BG variables.
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![(A) Adjusted odds ratio for hospital mortality with generalized estimating equation (GEE) model according to proportion of time (per 5% increase) spent in different time-weighted mean blood glucose ranges after multivariable adjustment. (B) Adjusted odds ratio for hospital mortality with GEE model according to time-weighted mean blood glucose ranges (the 70-140 mg/dL category as reference) after multivariable adjustment. The odds ratio and 95% confidence intervals (error bars) for each variable were calculated after multivariable adjustment for sex, ICU admit source, past history (diabetes mellitus, cancer), APACHE IV score, use of insulin, vasopressors, CRRT and hypothermia (Supplemental Tables 2--6).](medi-99-e21728-g005){#F2}

![Kaplan-Meier survival curves by time-weighted mean blood glucose ranges (log-rank *P* \< .001).](medi-99-e21728-g006){#F3}

4. Discussion
=============

This multicenter retrospective analysis of a large, heterogeneous cohort of PCA patients admitted in ICU supports the finding that the proportion of time spent in BG range 70 to 140 mg/dL is strongly associated with increased hospital survival. Hyperglycemia (\> 180 mg/dL) is common to PCA patients and is associated with higher odd ratio and hazard ratio for hospital mortality. Hypoglycemia is not statistically significant associated with hospital mortality probably due to low incidence.

Glycemic control and targets are contentious for PCA patients.^\[[@R8],[@R22]\]^ Due to the scarcity of studies on the PCA period, resuscitation guidelines acknowledged that the optimum BG concentration and interventional strategy to manage BG in the PCA period are unknown.^\[[@R8]\]^ One RCT of 90 subjects showed no difference in day 30 mortality between strict (72--108 mg/dL) and moderate (108--144 mg/dL) BG management.^\[[@R23]\]^ However, in this RCT study, standard treatment protocol for OHCA patients had been targeted below 144 mg/dL, which cannot answer the question whether strict BG control is better than BG exceeding 144 mg/dL. One before-and-after observational study of 119 subjects showed reduced in-hospital mortality after implementation of a bundle of care that included defined BG range 5 to 8 mmol/L. However, the effect of BG management cannot be separated from the effects of other parts of the bundle.^\[[@R24]\]^ Both hyperglycemia and hypoglycemia were associated with poor neurologic outcome,^\[[@R11]\]^ suggesting a U-shaped relationship between BG and poor outcome in PCA patients. The nadir or optimal range are still not clear. Two retrospective studies demonstrated that BG concentrations of 116 to 143 mg/dL or 104.5 to 122.5 mg/dL were associated with increased survival and a favorable neurological outcome.^\[[@R14],[@R25]\]^ In critically ill patients, time in BG range 70 to 140 mg/dL is strongly associated with increased survival.^\[[@R16],[@R17]\]^ Our study supports the benefit of BG range 70 to 140 mg/dL in PCA patients.

Hyperglycemia is common in the early phase of PCA syndrome.^\[[@R26]\]^ Global ischemia-reperfusion condition after OHCA, metabolic derangements, chronic prearrest comorbid conditions, exogenous epinephrine, hypothermia treatment might be associated with hyperglycemia after ROSC.^\[[@R27],[@R28]\]^ The association between hyperglycemia after ROSC and worse clinical outcome in cardiac arrest patients is clear.^\[[@R11],[@R29]--[@R31]\]^ Furthermore, a high glycemic variability (GV) is associated with increased mortality and poor neurologic outcome.^\[[@R9],[@R11]\]^ GV might by itself have a true deleterious biological effect and less GV may be potentially a surrogate for the quality of medical and nursing care. In the present study, 723 (36%) PCA patients had TWM-BG \> 180 mg/dL. The high percentage of hyperglycemia may reflect the principle of 'first, do no harm', which may be not benefit for our patients.

Tight glycemic control in critically ill including PCA patients is still controversial. The main harm of tight glucose control may be hypoglycemia,^\[[@R18]\]^ which is associated with increased mortality, morbidity and length of hospital stay.^\[[@R32],[@R33]\]^ Overall, 159 (8%) patients in the present study had at least 1 episode of moderate hypoglycemia and 30 (1%) had severe hypoglycemia, which were lower than what had been observed in many of the other intensive insulin therapy studies with critically ill patients .^\[[@R33]--[@R35]\]^ Strict glucose control (72--108 mg/dL) leads to the higher incidence of hypoglycemia in OHCA survivors and moderate glucose control (below 180 mg/dL) was acceptable owing to the potentially detrimental effect of hypoglycemia arising from strict glucose control.^\[[@R23],[@R36]\]^ In the present study, sensitivity analyses suggested time in BG range \< = 70 mg/dL was not associated with mortality both in PCA patients with and without diabetes. The results may be attributed to the inadequately statistical power and the skew distribution of time in BG range \< = 70 mg/dL (Supplemental Figure 2).

However, better glycemic control without a higher risk of hypoglycemia can be achieved. Closed-loop glucose control (Artificial Pancreas) consists of a continuous glucose monitor and an insulin pump, coupled with a control algorithm that directs insulin delivery on the basis of real-time sensor glucose measurements,^\[[@R37]\]^ which reduced the rate of hypoglycemia and may avoid the events of severe hypoglycemia.^\[[@R38],[@R39]\]^ Andrew et al. demonstrated that in a population of medical and surgical cardiac patients treated with a validated insulin administration algorithm (e-protocol), a BG target of 80 to 110 mg/dL can be achieved with low rates of severe hypoglycemia and was associated with lower 30-day mortality compared with a 90 to 140 mg/dL BG target.^\[[@R40]\]^ Maybe it is time to rethink BG targets in critically ill patients including PCA patients in the setting of continuous BG monitor.^\[[@R41]\]^

This study had several strengths. First, the data was extracted from multiple ICUs, making its findings highly generalizable. Second, there were 14,118 arterial BG measurements for 2028 patients during the first 24 h, which may reduce errors. Third, this study used different kinds of BG, including TWM-BG, mean BG, admission BG, and proportion of time spent in different BG ranges, which made the results robust. As a metric, proportion of time spent in different BG ranges captures both level and variability of BG. Fourth, we used multivariable logistic regression models, Cox proportional hazard models and GEE models. The findings were consistent, indicating that conclusions were not dependent on the chosen statistical approach.

There were several obvious limitations to this study. First, the study was retrospective in nature and was subject to the inherent limitations of the design. For instance, the time and numbers of BG for every patient were not same. Many potential confounding factors might not be included in the analysis, leading to biased results. Also, the study design only allowed us to show statistical associations and not causality between BG and hospital mortality. The results could be considered hypothesis generating only, rather than proof of causality. Second, initial rhythm, quality, and duration of cardiopulmonary resuscitation, which was an important prognostic factor, could not be assessed by the database. Third, we used the BG range 70 to 140 based on previously published studies,^\[[@R16],[@R17]\]^ thus the exact BG levels associated with good outcomes are unknown. Fourth, we extracted BG measurements from laboratory and bedside, sampling was intermittent and included measurements made on point-of-care glucose meters, which may overestimate blood glucose concentration. It may explain the low incidence of hypoglycemia. Finally, we excluded the patients with only 1 BG measurement, and the reasons for few BG measurement were unknown. Among potential factors, few BG measurement could have been due to premature death or rapidly regained consciousness. In our study, few BG measurement may be inclined to rapid recovery (Supplemental Table 8).

5. Conclusions
==============

In summary, proportion of time spent in BG range 70 to 140 mg/dL is strongly associated with increased hospital survival in PCA patients. Hyperglycemia (\> 180 mg/dL) is common in PCA patients and is associated with higher odd ratio and hazard ratio for hospital mortality. These results merit further investigation and prospective validation.
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Abbreviations: APACHE = Acute Physiology and Chronic Health Evaluation, AUC = area under the curve, BG = blood glucose, CA = cardiac arrest, CPR = cardiopulmonary resuscitation, CRRT = continuous renal replacement therapy, CV = coefficient of variation, GEE = generalized estimating equation, GV = glycemic variability, IQR = interquartile range, IRB = institutional review board, NIH = National Institutes of Health, PCA = post-cardiac arrest, ROSC = return of spontaneous circulation, SD = standard deviation, SOFA = sequential organ failure assessment, TWM = time-weighted mean, VIF = variance inflation factor.
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